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Processing in the inferior colliculus may depend on the temporal sequence in which excitatory and inhibitory synaptic inputs are activated and on the resulting balance between excitation and inhibition. To explore this issue at the cellular level, we used the novel approach of whole-cell patch-clamp recording in the midbrain of awake bats (Eptesicus fuscus) to record EPSCs or IPSCs. Sound-evoked EPSCs were recorded in most neurons. These EPSCs were frequently preceded by an IPSC, followed by an IPSC, or both. These findings help explain the large latency range and transient responses that characterize inferior collicuIus neurons. The EPSC was sometimes followed by longlasting oscillatory currents, suggesting that a single brief sound sets up a pattern of altered excitability that persists far beyond the duration of the initial sound. In three binaural neurons, ipsilateral sound evoked a large IPSC that partially or totally canceled the EPSC evoked by contralateral sound. In one binaural neuron with ipsilaterally evoked IPSCs, contralaterally evoked IPSCs occurred in response to frequencies above and below the neuron's best frequency. Thus, both monaural and binaural interactions can occur at single inferior colliculus neurons. These results show that whole-cell patch-clamp recording offers a powerful means of understanding how subthreshold processes determine the responses of auditory neurons.
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The inferior colliculus (IC) is one of the main integrative centers for auditory information in the mammalian brain. It provides nearly all of the input to the thalamocortical pathway, as well as direct outputs to systems concerned with sensorimotor integration. The IC is the target of at least a dozen anatomically and functionally distinct pathways, some or all of which may converge at the level of a single cell. Some input pathways are excitatory, others inhibitory. Neurons in different input pathways have different discharge patterns, and their activity occurs at different times relative to sound onset. The inputs to a single IC region or cell may differ in frequency tuning, thresholds, rate-level functions, and binaural properties. A major issue in understanding central auditory processing is how multiple synaptic inputs converge and interact to shape the response properties of IC neurons (Covey and Casseday, 1995; Casseday and Covey, 1996a,b) . There is evidence that synaptic inhibition plays a key role in the integration process. The IC contains both GABAergic and glycinergic terminals (Roberts and Ribak, 1987; Winer et al., 1995) and receptors (Glendenning and Baker, 1988; Edgar and Schwartz, 1990; Fubara et al., in press ). Blocking either GABA, or glycine receptors can decrease response latency (Faingold et al., 1991; Recei ved Dec. 12, 1995; revised Feb. 8, 1996; accepted Feb. 12, 1996 Park and Pollak, 1993b), broaden frequency tuning curves (Yang et al., 1992) change binaural properties (Vater et al., 1992; Park and Pollak, 1993a) , or change monaural properties (Pollak and Park, 1993; Casseday et al., 1994) . Although neuropharmacological methods indicate that inhibition is involved in integrative processing at the IC, we still lack direct evidence about the mechanisms that determine when an action potential occurs. It is especially important to observe processes that operate below spike threshold under normal conditions, because they provide information about the underlying dynamic balance between excitation and inhibition. The most direct way to address this issue is through intracellular recording.
To date there have been only two published studies of intracellular recordings from IC neurons in mammals, both in anesthetized cats (Nelson and Erulkar, 1963; Kuwada et al., 1980) . This paucity of intracellular evidence may be because cells are often damaged when impaled with sharp electrodes (Marty and Neher, 1983) . Because of the success of whole-cell patch-clamp recording in isolated or cultured cells (Hamill et al., 1981; Fenwick et al., 1982a,b; Sakmann et al., 1982) brain slices (Blanton et al., 1989) , and neurons in the visual cortex of anesthetized animals (Ferster and Jagadeesh, 1992; Jagadeesh et al., 1992 Jagadeesh et al., , 1993 we explored this technique in the IC of awake animals. The whole-cell recording method allows long-duration recordings from healthy cells, and the low-resistance electrodes offer superior signal-to-noise properties. This report provides the first evidence that whole-cell patch-clamp recording in the midbrain of awake animals can be used to examine sensory integration. To make this point, we show how several different intracellular response properties can explain findings obtained with extracellular recording methods.
MATERIALS AND METHODS
The methods for surgical preparation of animals and acoustic stimulation were essentially the same as those previously described in detail for extracellular recording (Covey, 1993 After the final recording session, animals were administered a lethal dose of Nembutal (pentobarbital) and perfused through the heart with PBS followed by a fixation solution containing 4% paraformaldehyde in PBS. After perfusion, the brain was removed and stored overnight in 30% sucrose in PBS. Sections were cut 40 pm thick on a freezing microtome. To visualize cells labeled with biocytin, sections were reacted with avidinbiotin complex (Vector Laboratories, Burlingame, CA) (Hsu et al., 1981) .
RESULTS
The data reported here are based on recordings from 20 IC neurons in 13 animals. All of these neurons were in the dorsal half of the IC. In Epfesicus, the IC measures -2 mm in its entire dorsal-to-ventral extent. The depths of recordings ranged from 81 to 934 pm, with all but four between 100 and 300 pm. Many (13 of 20) of the neurons had at least occasional spontaneous EPSCs that caused breakaway action potentials to occur. Fewer neurons (3 of 20) had obvious spontaneous IPSCs. Three neurons had a very high rate of spontaneous spiking activity, and six showed no evidence of any spontaneous excitatory or inhibitory activity. These results are consistent with extracellular recordings in the IC that show that some spontaneous activity is present in the majority of neurons, but most neurons have low levels of spontaneous activity.
Stimulus-evoked contralateral excitation and inhibition All but two neurons (18 of 20, or 90%) received contralateral excitatory input as seen in EPSCs evoked by sound presented to the contralateral ear. Often, these EPSCs were rapid and large enough to cause the neuron to reach spike threshold. This finding is qualitatively similar to all of the published extracellular recording data showing that the majority of IC neurons are excited by sound at the contralateral ear. contralateral ear under multiple stimulus conditions. For 13 (87%), some stimulus conditions at the contralateral ear elicited IPSCs. As shown below, the time of occurrence of the IPSC was variable with respect to the EPSC. Figure 1 illustrates an example of the response of a neuron with a short-latency IPSC followed by an EPSC. For this neuron, the IPSC began -8 msec after the onset of a tone burst, reached a peak at -11 msec, and was followed by an EPSC and spikes at -20 msec after stimulus onset. A similar pattern of an early IPSC followed by an EPSC was seen in 6 of 1.5 neurons under at least some stimulus conditions. We call this type of inhibition "leading inhibition" to distinguish it from "lagging inhibition," which followed excitation.
Leading inhibition
Assuming that leading inhibition is caused by release of GABA or glycine and acts via chloride channels, it should not have been affected by the presence of cesium in the electrode. Moreover, the finding of short-latency inhibition in IC neurons is consistent with extracellular recording studies that show that some IC neurons discharge earlier in response to sound when GABA or glycine receptor antagonists are applied (Johnson, 1993; Park and Pollak, 1993b) .
In some cases, leading inhibition was clearly responsible for lengthening the latency of the EPSC. Figure 2 shows an example of a neuron in which leading inhibition grew as the sound level of the stimulus increased. This neuron exhibited an increase in first-spike latency with increasing SPL, a phenomenon known as "paradoxical latency shift" (Sullivan, 1982) . Paradoxical latency shift is sometimes seen in extracellular recordings from neurons at cortical (Sullivan, 1982) and subcortical (Covey, 1993) levels of the auditory system. The term "paradoxical" refers to the fact that the relationship between sound level and latency is the opposite of that seen in auditory nerve fibers and in most central auditory neurons. At 4.5 dB SPL, 10 dB above threshold, this neuron showed no evidence of an initial IPSC and fired action potentials with a latency of 1.5 msec. As sound level was increased to 65 dB Growth of inhibition and increase in spike latency in response to 5 msec pure-tone stimuli as SPL was increased. The SPL was increased from 4.5 dB (10 dB above threshold, top trace) to 85 dB. First-spike latency is indicated by the arrow on each trace. The resting potential of this neuron was -70 mV. Spikes have been truncated. SPL, an IPSC appeared to cancel most of the initial portion of the excitation, eliminating the first spikes, so that response latency lengthened to 27 msec. Further increases in SPL resulted in a lengthening of the duration of the IPSC so that by 85 dB SPL, the response latency had lengthened to 30 msec. Note that sound level had little effect on the timing of the last spike. Figure 3 shows an example of a neuron that responded to a 20 msec pure tone with an outward current that followed the EPSC and spikes. Similar outward currents that followed an EPSC under at least some stimulus conditions were seen in 12 of 15 neurons (80%). As in the case of leading inhibition, if the IPSC that followed the EPSC was attributable to GABAergic or glycinergic synaptic input, it should not have been affected by the presence of cesium in the electrode. The duration of the lagging inhibition ranged from -5 msec to at least 150 msec, the longest recording period used. In five neurons, the EPSC was flanked by both early and late inhibition as in Figure 3 ; in seven neurons, only lagging inhibition was seen. Extracellular recordings have shown that May 1, 1996, 16(9) Figure 1 responded to a 20 msec pure tone with a small, short-latency IPSC (latency = 8.2 msec) followed by an EPSC correlated with sound offset (latency to spike = 29.4 msec). The EPSC was followed by a second IPSC (arrow) that lasted for -20 msec. To better illustrate the late IPSC, a thin line is drawn through the baseline. Spikes have been truncated. applying antagonists of GABA or glycine receptors causes transient onset responses to lengthen (Faingold et al., 1991; Johnson, 1993; Pollak and Park, 1993) and suggests that the lagging inhibition seen in our recordings was attributable to synaptic input. For neurons like the one shown in Figure 3 , the fact that there is outward current both before and after the EPSC raises the question of whether early and late inhibition are caused by separate inputs or whether they represent the beginning and end of a single, long-lasting IPSC triggered by stimulus onset and interrupted by a large, short-duration EPSC. Although Kf currents were theoretically blocked in our experiments because of the presence of cesium in the electrode, we cannot rule out the possibility that some intrinsic conductances remained active. Thus, the late outward current might have been afterhyperpolarization after the synaptically mediated EPSC. To resolve this issue, it will be necessary in future experiments to use methods to block different specific intrinsic conductances and to look at differences between spontaneous and evoked spikes.
Lagging inhibition
Inhibitory effects in the absence of synaptic inhibition Figure 4 illustrates that it is possible to distinguish between inhibition occurring at IC neurons and inhibition that has occurred elsewhere. The neuron in Figure 4 had a very high rate of spontaneous EPSCs and action potentials that could be observed in extracellular recording before seal formation, as well as intracellularly (top truce). This spontaneous activity was completely eliminated by presentation of a sound at the contralateral ear. Because there was little evidence of synaptic inhibition in either voltage-clamp mode (middle truce) or current-clamp mode (bottom truce), it seems likely that this neuron received excitatory input from a second, tonically active neuron that was inhibited by sound at the contralateral ear. It is very unlikely that the high rate of spontaneous activity could have been attributable to injury because we were able to obtain stable and reliable recordings for >1 hr. One other neuron had a similar high level of spontaneous activity but did not show any obvious response to any of the auditory stimuli tested. Even in extracellular recording experiments, IC neurons with very high spontaneous activity are some- times encountered, especially in the dorsal part of the IC, where most of our patch-clamp recordings were obtained.
Poststimulus oscillations Figure 5 shows the response of a neuron in which prolonged oscillations followed the response to a 20 msec pure tone and persisted for at least 100 msec after the end of the EPSC. For this neuron, the oscillations occurred at a rate of -30 Hz. The oscillations were present across a wide range of stimulus amplitudes starting at 10 dB above threshold, and across a wide range of frequencies. Of the neurons from which we recorded, nearly half (7 of 15) had oscillatory currents that persisted for a prolonged time period after the excitatory component of the response. The observation of oscillatory currents after responses to sound is consistent with extracellular studies showing that some IC neurons undergo periodic waxing and waning of responsiveness to the second of a pair of tones separated by a variable interval (Grinnell, 1963; Suga, 1964) . Although the oscillations appear to be caused by periodic The response to a tone at the neuron's best frequency (26 kHz, bottom trace) was almost exclusivelv excitatorv. A tone above best frequencv (29 response to a tone. The oscillations (arrows) occurred at a rate of -30 Hz and persisted for at least 100 msec. The resting potential of this neuron was -64 mV.
A delicate balance of inhibition and excitation is revealed by changes in sound level outward currents, they could represent either delayed synaptic inputs or intrinsic oscillatory properties of the cell triggered by the synaptically mediated EPSC. Further experiments will be necessary to determine the origin of the oscillations, including depolarizing the cell to determine whether oscillations follow spikes that are not synaptically mediated.
Frequency tuning: inhibitory side bands For all of the neurons from which we recorded, the sequence and time course of inhibitory and excitatory synaptic events varied considerably as a function of stimulus parameters such as SPL, duration, and frequency. For eight neurons, frequency was varied systematically so that responses were recorded not only within the excitatory portion of the tuning curve, but also at frequencies above and below. All of these neurons exhibited EPSCs evoked by sound over some range of frequencies. Six neurons responded with clear sound-evoked IPSCs at frequencies above and below the bandwidth that produced an EPSC. Two neurons did not show any evidence of sound-evoked IPSCs at frequencies above or below the excitatory region. Figure 6 illustrates the responses of a neuron the best frequency of which, as defined by spike output, was 26 kHz. At this frequency, the neuron responded with an EPSC accompanied by action potentials (lower truce). Decreasing the frequency by 1 kHz, to 25 kHz (top truce), the response changed from robust excitation to an IPSC with a latency slightly longer than that of the EPSC evoked by 26 kHz. At frequencies higher than the neuron's excitatory range, an IPSC also appeared (middle truce). The latency of the IPSC evoked by 29 kHz was longer than that of the IPSC evoked by 25 kHz. At frequencies both above and below the excitatory range, no initial inward current was present, suggesting that the excitatory input to the neuron was inactive at these frequencies, not simply canceled by the IPSC. In 6 of 10 trials, a spike followed the IPSC, either from delayed excitatory input at this frequency or rebound from inhibition.
For some neurons, it was possible to determine that the amplitude of sound influenced the relative proportion of synaptic inhibition and excitation. In extracellular studies of the IC, it is common to find neurons with an upper spike threshold for sound level so that they fire only when sound level is within an intermediate range (Casseday and Covey, 1992) . This means that they have closed frequency tuning curves. Eight neurons with closed tuning curves were tested over a wide range of sound amplitudes that began below the lower excitatory threshold and extended above the upper excitatory threshold. Responses of an IC neuron to a 5 msec pure tone at different sound levels. The traces are arranged with low sound levels at the bottom and high sound levels at the top. There are no spikes in the top or bottom truce. The arrow points to the IPSC that persisted at high sound levels above the upper excitatory threshold of the neuron. This neuron had a resting potential of -59 mV. Spikes in the trace at 34 dB SPL have been truncated. May 1, 1996, 76(9) Figure 8 . Responses of the same IC neuron illustrated in Figure 1 to a 40 msec pure tone at different sound levels. The traces are arranged with low levels at the bottom and high levels at the top. The arrow points to the IPSC that was present at low sound levels. short-latency IPSC followed immediately by an EPSC and spikes. At 54 dB SPL, the EPSC had almost entirely disappeared, but the IPSC persisted, and no spike was evoked at this or higher sound levels. The predominance of the IPSC at high sound levels presumably is responsible for the limited dynamic range of the spike output in cells with closed tuning curves. Figure 8 shows the responses of a duration-tuned neuron tested at a long sound duration that did not elicit spikes. In this neuron, the balance of inhibition and excitation was reversed from that in the previous example. For this neuron, the inhibitory threshold was lower than the excitatory threshold. At 41 dB SPL, the only response was a small IPSC with a latency of 8.6 msec. At 51 dB SPL, the initial IPSC was larger, and a late inward current appeared, correlated in time with sound offset. By 71 dB SPL, the initial IPSC had disappeared, and at 81 and 91 dB SPL it was replaced by a short-latency EPSC. Note that although this cell received both excitatory and inhibitory inputs over a dynamic range of 50 dB, the balance of excitation to inhibition offset one another, so that the neuron never produced a spike.
Duration tuning Extracellular recordings show that approximately one-third of all IC neurons in Eptesicus are tuned to specific sound durations (Casseday et al., 1994) . Figure 9 shows the responses of a duration-tuned neuron to pure tones of different durations. Extracellular recordings before seal formation showed that this neuron was duration-tuned with a best duration of -10 msec. This neuron responded to all sounds with an initial short-latency IPSC that began at 8-9 msec after sound onset. An EPSC occurred later with a latency that was clearly correlated with the offset of the sound. For a 5 msec stimulus, the EPSC immediately followed the initial IPSC, but there were seldom any spikes. For a 10 msec stimulus, the EPSC latency was longer, and the neuron fired multiple spikes. For a 20 msec stimulus, the latency of the EPSC was still greater, and the neuron only occasionally fired l-2 spikes. As stimulus duration was increased to 30 and 40 msec, the EPSC latency became progressively longer and its magnitude smaller. Spikes were rarely fired in response to these long-duration stimuli (see Fig. 8 ). One interpretation of this behavior is that the duration tuning of this neuron was attributable to three stimuluslocked events: (1) an initial inhibitory input that lasts as long as the sound, seen as the initial IPSC; (2) a transient excitatory input, the latency of which is correlated with stimulus onset, but which arrives later than the initial inhibitory input and either counterbalances it or results in a small net inward current; and (3) an offset excitation, seen as inward current correlated with the time of sound offset. Because the onset EPSC is counterbalanced by inhibition, it alone is never sufficient to cause the neuron to fire. The offset excitation alone is also subthreshold. Only when sound duration is such that the onset excitation coincides with the offset excitation does the neuron reach its spike threshold and fire. The validity of this or other models could be tested in future experiments through manipulation of the reversal potential for the IPSC.
Responses to modulated stimuli Most neurons in the IC respond only to the onset of sound. We tested one such neuron with SAM. Figure 10 shows the responses of this neuron to SAM stimuli at different modulation rates. The neuron had a low-pass characteristic, responding with an onset discharge to modulation frequencies of 5120 Hz. After the onset response, there was a cyclic pattern of synaptic currents that persisted throughout the entire duration of the stimulus and followed the modulation cycles of the signal. The cyclical modulations were most prominent at 30 and 60 Hz. At 100 Hz, the synchrony became degraded over the course of the response. The cyclic response pattern appeared to be attributable to periodic inward currents, the form and time course of which approximated the amplitude envelope of the stimulus, interspersed with periodic returns to baseline. This cyclic activity suggests that the neuron received excitatory inputs from neurons that responded to the amplitude-modulated stimulus in a phase-locked manner.
A similar cyclic pattern was seen in the responses of this neuron to an SFM stimulus and in the responses of one other neuron that we tested with SAM and SFM stimuli. Neither of these neurons appeared to be specialized for modulated stimuli because they also responded to pure tones.
The pattern of synaptic currents seen in response to the SAM signal suggested that this neuron received an input signal, the magnitude of which was proportional to the amplitude envelope of the stimulus. To further test this idea, we varied the rise time of a 100 msec pure tone. The neuron's responses to variations in the rise time are shown in Figure 11 . As would be predicted if the response were proportional to the amplitude of the envelope, the longer the rise time the more gradual was the slope of the EPSC leading to the point at which the neuron spiked. After the burst of spikes, a small EPSC gradually decayed throughout the remainder of the stimulus duration.
Binaural interactions
For two neurons, we were able to obtain series of recordings that showed clear evidence of binaural interaction based on EPSCs evoked by contralateral stimuli and IPSCs evoked by ipsilateral stimuli.
Both neurons responded in a very similar way to binaural stimulation. Figure 12 shows the responses of one neuron to various combinations of ipsilateral and contralateral sound. The contralateral stimulus alone at a sound level of 4.5 dB SPL elicited a large EPSC and a burst of spikes (Fig. 1U) . Evidence of binaural inhibition first became apparent when the ipsilateral level was set at 10 dB above that of the contralateral stimulus (Fig.  12B ). This binaural combination partially canceled the later part of the EPSC. When the contralateral stimulus was turned off but the ipsilateral stimulus remained at the same level (Fig. 12C) , there was a small, rather variable IPSC that was sometimes followed by a spike. When the level of the ipsilateral stimulus was increased to 20 dB above that of the contralateral one (Fig. 12D) , the EPSC and spikes were completely eliminated, and only a long-lasting IPSC was present. The ipsilateral sound alone at this level (Fig. 12E) elicited a large sustained IPSC, sometimes followed by a spike. The long time course of these responses is significant because the duration of this IPSC was longer than that of the contralaterally evoked EPSC. When a spike occurred after the IPSC, it was >50 msec after stimulus onset. In addition, the size of the ipsilaterally evoked IPSCs in the neurons in which they were observed was typically larger than that of any of the contralaterally evoked IPSCs in other neurons. A similar pattern of contralateral excitation and ipsilateral inhibition, including the long-latency spike after ipsilateral sound, was observed in one other cell. The long-latency spike never occurred in response to the contralateral sound, suggesting that there may be some lagging inhibition in the contralateral input. If these temporal properties of excitation and inhibition are typical of binaural cells in the IC, then the time frame over which these cells integrate binaural information must be much longer than previously realized. May 1, 1996, 76(9):3009-3018 Covey et al. Time (ms) Figure 12 . Binaural interaction in an IC neuron that responded to contralateral sounds with an EPSC and ipsilateral sounds with an IPSC. In the traces in the left column, the contralateral sound is a 5 msec pure tone at 27 kHz and 4.5 dB SPL, either alone (top trace) or in combination with a simultaneous ipsilateral tone of the same frequency at the sound levels indicated. The traces on the right show the responses to ipsilateral tones alone. The resting potential of this neuron was -70 mV. Spikes in all traces have been truncated.
DISCUSSION
We began this study as a search for an efficient method to test the idea that the different types of highly specialized processing found in the IC are created through convergence of excitatory and inhibitory synaptic inputs. Although only a few types of such specialized processing are described here, in the following discussion we show how this method can answer fundamental questions concerning the integration of sensory information.
Temporal interplay of monaural excitation and inhibition Some of the most interesting questions concerning integrative processes in the CNS have to do with the mechanisms for processing time-varying information.
In audition, time-varying parameters can be as simple as the duration of a pure tone or as complex as the pattern of spectral-temporal changes in speech or music. One fundamental mechanism that may underlie the processing of time-varying information is the convergence of inputs from neural delay lines. These inputs may be inhibitory or excitatory, and they may be transient or sustained (Casseday and Covey, 1996b) . Our results directly reveal mechanisms for creating delays, modifying discharge patterns, and establishing tuning for specific features of sound such as duration.
Leading inhibition
For approximately one-third of the neurons in our study, the earliest response to sound was an IPSC. This finding provides direct evidence that IC neurons receive short-latency inhibitory input that lengthens response latency. In the IC, the range of latencies is considerably larger than would be expected from synaptic delays and axon length (Haplea et al., 1994; Casseday and Covey, 1996b) . First-spike latency of IC neurons decreases when either GABAergic or glycinergic inhibition is blocked (Johnson, 1993; Park and Pollak, 1993b; Casseday and Covey, 1996a) . Intracellular recording in anesthetized cats has shown sound-evoked IPSPs preceding EPSPs (Nelson and Erulkar, 1963) .
These results demonstrate an important new principle. The balance between excitation and inhibition can vary systematically as a function of stimulus parameters. For example, in a neuron that exhibited "paradoxical latency shift" (Sullivan, 1982) , the magnitude and duration of leading inhibition increased as a function of sound level, causing response latency to increase.
Lagging inhibition
A long-lasting outward current commonly followed sound-evoked spikes. The magnitude and time course of this current varied as a function of parametric changes in stimulus conditions. These results may explain the finding that the majority of IC neurons respond transiently to sound, even though the majority of auditory neurons at lower levels respond with a sustained discharge (Rose et al., 1963) . Nelson and Erulkar (1963) showed that in the IC of the anesthetized cat, long-lasting hyperpolarization followed spikes evoked by clicks, but did not follow spontaneous spikes. Kuwada et al. (1980) showed intracellular recordings from one IC neuron that responded to sound with a transient burst of action potentials followed by a period of hyperpolarization -100 msec in duration. Local blocking of GABA or glycine causes some transient onset responses to lengthen, indicating that excitatory input is sustained (Faingold et al., 1991; Johnson, 1993; Pollak and Park, 1993) .
Many IC neurons cannot follow repetition rates above a few hundred Hertz, whereas the responses of most neurons at lower levels to modulated stimuli are constrained only by their refractory periods. Although they may not fire on every cycle, these neurons continue to phase-lock at rates up to several thousand Hertz (Grinnell, 1963; Suga, 1964; Casseday and Covey, 1996a) . In our study, the long periods of postexcitatory inhibition, 5 msec to >150 msec, provide an explanation for this limitation in response to high repetition rates.
Oscillations
Oscillatory currents that follow an EPSC may be the mechanism that underlies the observation that IC neurons respond only over a low and limited range of modulation rates. They may also underlie the observation that the response to the second sound of a pair may alternate between periods of recovery or enhancement and periods of suppression (Grinnell, 1963; Suga, 1964) . Many aspects of sound-evoked oscillations remain to be understood, including the issue of whether they are synaptic or intrinsic in their origin.
Duration tuning
Approximately one-third of the neurons in the IC of Eptesicus respond only to a narrow range of sound durations and do not respond to shorter or longer durations. The responses of duration-tuned neurons are transient and their latency is always longer than their best duration. Local blocking of GABA or glycine abolishes duration tuning (Casseday et al., 1994) . Wholecell recording on a typical duration-tuned cell showed that leading inhibition dominated the early part of the response and that there was an inward current associated with sound offset. These observations demonstrate the importance of the interaction of excitatory and inhibitory inputs offset in time from one another in creating tuning to simple temporal features of a stimulus (Casseday and Covey, 1996a).
Spectral-temporal interactions
Our results show that IC neurons receive synaptic inputs from sources tuned to different frequencies. Furthermore, these different inputs may have different thresholds, different latencies, and different time courses. Many IC neurons have inhibitory areas surrounding their excitatory frequency areas (Casseday and Covey, 1992) . Pharmacological studies of IC neurons have shown that blocking inhibition may cause the frequency response area to broaden or the threshold to decrease (Faingold et al., 1991; Vater et al., 1992; Yang et al., 1992) . Although one important function of inhibition may be to shape the frequency tuning curve, our data suggest that another function may be to tune IC neurons to specific directions or rates of frequency change. The IC contains neurons that respond only to an upward or downward frequency sweep; some of these neurons only respond to a specific sweep duration (Grinnell, 1963; Suga, 1964; Casseday and Covey, 1992; Casseday et al., 1994; Fuzessery, 1994) . The whole-cell method offers an experimental strategy for testing different models for the creation of tuning to the direction of a frequency sweep (Fuzessery, 1994; Casseday and Covey, 1996a) .
Binaural interaction of excitation and inhibition Although the first stages of binaural processing clearly occur below the IC, neuropharmacological studies (Faingold et al., 1991; Park and Pollak, 1993a) and intracellular recording (Nelson and Erulkar, 1963) show that further binaural interactions take place at the cellular level in the IC. Characterizing the time course of ipsilateral inhibitory input relative to contralateral excitatory input is particularly important for evaluating ideas that have been proposed concerning the contribution of the IC to binaural processing. One idea is that the IC is the site of suppression to a second sound presented later and at a different spatial location from the first, the so-called "precedence effect" (Yin, 1994) . A second hypothesis is that tuning for the direction of a moving sound source depends on prolonged ipsilateral inhibition (Moiself, 1985) . The fact that ipsilateral inhibition was long lasting in the cells from which we recorded suggests that it might indeed be involved in one or both of these processes.
An issue that has received little attention is whether IC neurons might receive a combination of ipsilateral and contralateral inhibition that shapes both binaural and monaural response properties. Our results indicate that at least some IC neurons do receive both ipsilateral and contralateral inhibition. For example, the neuron illustrated in Figures 6 and 12 received ipsilateral inhibition that suppressed the contralateral response as well as contralateral inhibition at frequencies above and below its best frequency. By directly observing synaptic events, it will be possible in future studies to determine how inhibition from ipsilateral and contralateral sources interact to shape complex binaural response properties of IC neurons.
Conclusion
Tuning for specific stimulus features or patterns can be created through convergence of excitatory and inhibitory delay lines with different discharge patterns. As a consequence of this convergence, a simple brief stimulus can evoke a long-lasting sequence of inhibitory and excitatory synaptic events in IC cells. This sequence of events can create temporal filters for simple features of sound such as duration or direction of frequency change, and probably for more complex patterns such rate of modulations in amplitude or frequency. It should now be possible with the wholecell method to measure the amplitude and duration of synaptic events that are evoked by sensory stimuli and to separate the effects of synaptic inputs from those of voltage-dependent conductances.
